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In this paper we present the results of an experimental investigation of the magne-
tocaloric properties of hydrogenated La(Fe-Mn-Si)13-H with Mn substituting Fe to
finely tune the transition temperature. We measured the specific heat under magnetic
field cp(H, T ) and the magnetic field induced isothermal entropy change ∆s(H, T ) of
a series of compounds by direct Peltier calorimetry. Results show that increasing Mn
from 0.06 to 0.46 reduces the transition temperature from 339 K to 270 K whilst the
total entropy change due to a 1.5 T field is depressed from 18.7 Jkg−1K−1 to 10.2
Jkg−1K−1 and the thermal hysteresis similarly is reduced from 1.5 K to zero. In the
paper we interpret the results in terms of a magnetic phase transition changing from
the first to the second order with increasing Mn content and we discuss the value of
the results for magnetic cooling applications.
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I. INTRODUCTION
The development of magnetic refrigeration around room temperature is based on the pos-
sibility to establish material classes with a tunable Curie temperature that can be efficiently
employed in different cross sections of an active magnetic regenerator1. Two classes of mag-
netic materials, both displaying first order magnetic phase transitions between ferromagnetic
(FM) and paramagnetic (PM) phases with an enhanced magnetocaloric effect (MCE), are
currently the most promising candidates: the La(Fe-Si)13 class2 and the MnFe(X-P) class
with X=As, Ge, Si3,4. The transition temperature of La(Fe-Si)13, which is around 200 K, can
be tuned up to room temperature by partial substitution of Fe with Co5, but the transition
is transformed into a second order type corresponding to a lower MCE. A more interesting
solution is the introduction of interstitial hydrogen which conserves the first order character
and a high MCE2. However the full hydrogenation, which is needed to avoid degradation
aging and to have a long time stability of the material6, shifts the transition to about 350 K.
The substitution of Fe by Mn lowers the transition temperature Tt thereby permitting a fine
tuning around room temperature7–9. The system with Mn is also particularly interesting
because it shows a trend in which the transition passes from fully first order and hysteretic
at low Mn to almost second order with no hysteresis at high Mn. It has been suggested
that a transition on the border between first and second order would provide the optimal
magnetocaloric properties, because it conserves a high MCE typical of a first order transition
but removes the unwanted thermal hysteresis10. The Mn substituted La(FeSi)13 represents
such a system and as such it deserves a detailed experimental investigation and an accurate
physical comprehension.
In this paper we have investigated fully hydrogenated LaFexMnySiz-H1.65 (x+ y+ z=13)
samples with variable Mn content from y = 0.06 to 0.46. We made an experimental in-
vestigation of the MCE by direct calorimetry in magnetic field in order to determine the
effectiveness of the Mn to obtain optimized MCE properties11–13. We find that the transi-
tion, without a magnetic field applied, passes from first order (∆Thyst=1.5 K) at y = 0.06
(Tt=339 K) to almost second order with no hysteresis at y = 0.46 (Tt=270 K). The usable
(cyclic) entropy change at µ0H = 1.5 T passes from 18.7 to 10.2 Jkg−1K−1 while the adia-
batic temperature change (as derived from the entropy versus temperature diagram) reaches
its maximum of 4.4 K at the intermediate compositions. From our results we find that a
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x (Fe) y (Mn) z (Si) Th ∆Thyst cPM sPM − sFM µ−10 dT/dH
(K) (K) (Jkg−1K−1) (Jkg−1K−1) (KT−1)
11.22 0.46 1.32 269.7 0.0 450 12.0 4.5
11.33 0.37 1.30 285.4 0.2 450 14.5 4.8
11.41 0.30 1.29 296.6 0.4 460 16.0 4.4
11.47 0.25 1.28 303.9 0.5 460 18.0 4.0
11.55 0.22 1.23 313.7 0.7 470 18.5 4.0
11.60 0.18 1.22 320.6 0.9 480 19.0 3.9
11.66 0.14 1.20 327.5 1.2 490 20.5 3.8
11.76 0.06 1.18 339.0 1.5 500 21.5 3.6
TABLE I. Composition x, y, z of the LaFexMnySiz-H1.65 samples under investigation with transition
temperature upon heating Th, temperature hysteresis ∆Thyst = Th − Tc and specific heat capacity
cPM in the paramagnetic phase, difference in entropy sPM − sFM from FM to PM at zero field,
magnetic field dependence of the transition temperature dT/dH.
first order character of the transition combined with a small temperature hysteresis (<1 K)
represents the optimal compromise for magnetic cooling applications of La(Fe-Mn-Si)13-H.
II. EXPERIMENTAL
La(Fe-Mn-Si)13 alloys with variable Mn content were prepared by powder metallurgy tech-
nique and hydrogenated as described in6. Master alloys were prepared by vacuum induction
melting followed by mechanical milling steps to produce fine powders. The composition of
each alloy was adjusted by blending master alloys with elemental powders. Compaction of
the powder blends was performed by cold isostatic pressing. The green bodies were vacuum
sintered at around 1100◦C followed by an annealing treatment at 1050◦C5. Hydrogenation
was performed on granulate material with a particle size less than 1 mm9. The composition
results to be LaFexMnySiz-H1.65 with x, y, z indicated in Table I.
Calorimetric measurements have been performed on samples made of several granules
packed together (with a total typical mass around 50 mg) closed into aluminum pans. Char-
acterization was done by commercial power compensation differential scanning calorimetry
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FIG. 1. Calorimetry on hydrogenated La(Fe-Mn-Si)13 with Mn=0.46. Top left: specific heat
capacity cp(H,T ); bottom left: entropy difference with respect to a low temperature reference
state s(H,T )−s0: top right: magnetic field induced isothermal entropy change −∆s(H,T ); bottom
right: magnetic field induced adiabatic temperature change ∆T (H,T ). All graphs show the results
upon heating and cooling separately.
(DSC) and Peltier calorimetry under magnetic field11. Under zero applied field, the re-
sults of power compensation DSC and Peltier calorimetry agree within the measurement
uncertainty. The Peltier setup was filled with Ar gas at ambient pressure and calibrated
by sapphire sample of known heat capacity in the same condition of the sample measure-
ment. For both power compensation and Peltier setup we have measured the heat flux qs
as a function of temperature Tb. The temperature of the sample T = Tb − Rqs is derived
from the measured temperature Tb, by taking into account the presence of a thermal contact
resistance R between sample and calorimetric cells12. The thermal contact resistance R was
determined by performing scans at different rates of 25, 50 and 100 mKs−1 at zero field
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FIG. 2. Calorimetry on hydrogenated La(FeMnSi)13 with Mn=0.06. Same panels as Fig.1.
and rescaling the measurements as shown in12. The measurement uncertainty of the sample
temperature is around ±0.2 K. In Peltier calorimetry the additional thermal resistance due
to measuring cells, Rc = 75 KW−1 is taken into account as R = Rc + Rs, where Rs is the
contact realized between sample and heat flux sensor. The obtained values of Rs ranges from
10 to 50 KW−1 and can be attributed to non ideal conductivity in the samples itself due the
loose packing of the grains inside the sample pan. By defining Rs = dt/(κtAt), where At is
the sample contact area, dt the thickness and κt and effective thermal conductivity, we find
that the packings corresponds to a κt ranging from 0.5 to 4 WK−1m−1. By applying the
method just described to all the measured samples we successfully obtain rate independent
results, i.e. the use of the contact thermal resistance is effective to eliminate all the extrinsic
kinetics. The specific heat is obtained from the measured heat flux qs as
cp =
1
ms
qs
dT/dt
(1)
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FIG. 3. Sketch of the entropy versus temperature for the case of an equation of state with hysteresis.
The isothermal entropy change ∆siso and the adiabatic temperature change ∆Tad obtained in a
cooling thermodynamic cycle are indicated. Dashed lines shows the fitting functions for the entropy
in the PM and FM states sPM (T ) and sFM (T ). The transition temperatures Th and Tc are defined
as the midpoint of the transition between sFM and sPM .
where ms is the sample mass. The specific entropy variation is computed from the measured
heat flux qs, by the expression
s− s0 = 1
ms
∫ t
0
qs
T
dt (2)
where the s0 is a reference entropy value. The typical results obtained for cp and entropy
s − s0 are shown in Figs.1 and 2. Measurements have been performed upon heating and
cooling to determine the temperature hysteresis. Table I reports the results of the transition
temperature upon heating Th, temperature hysteresis ∆Thyst = Th − Tc and specific heat
capacity cPM in the paramagnetic phase. cPM is taken at a temperature well above the tran-
sition temperature where the peak is smoothed out and the specific heat becomes magnetic
field independent. The transition temperatures upon heating and cooling, Th and Tc, are de-
rived from the measured s(H, T ) curves. In presence of first order transitions with hysteresis
we determine Th and Tc as the values at which the transition is at the midpoint between the
PM phase and the FM phase upon heating and cooling, respectively (see Fig.3). For each
magnetic field curve, the experimental specific heat is fitted below and above the transition
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region, to give cFM and cPM , respectively. The fit to the data reveals that in the PM state,
cPM can be approximately taken as a constant value, while in the FM state, cFM changes
linearly with T as cFM = cFM0 + dFM(T − Tt) as can be seen in Fig.4. The two entropy
equations, sFM(T ) and sPM(T ), are both obtained by the integral si =
∫
(ci/T )dT + s0i
where i = PM or FM , using the fitted parameters. The difference between the integra-
tion constants s0PM − s0FM is determined by the comparison with the experimental entropy
curves. The transition temperature is finally obtained as the midpoint between FM and PM,
i.e. the point at which the experimental curve crosses the level (sPM − sFM)/2 as shown in
the sketch of Fig.3.
The magnetic field dependence of all the thermodynamic quantities was measured by
Peltier calorimetry. In all cases the magnetic field was applied along a diameter of the
circle constituting the base of the thin cylindric sample holder filled with magnetocaloric
material. The heat flux qs was measured by temperature scan experiments and the specific
heat cp(H, T ) and the entropy s(H, T ) were computed using Eqs.(1) and (2). The magnetic
field induced isothermal entropy change was also measured by performing magnetic field
scan experiments at selected temperatures in order to determine the reference values of the
entropy change at different fields11 (points in the top right panel of Figs.1 and 2). The
distance between measured points (5 K) is large enough in comparison to the hysteresis (1.5
K maximum) to avoid the minor loop effect mentioned in the literature17. The magnetic
field induced entropy change was derived by subtracting the entropy curves at different fields
∆s(H, T ) = s(H, T ) − s(0, T ). The plots show heating and cooling curves separately. The
measurement uncertainty for the specific heat and the entropy is around ±3%. Figs.1 and 2
show the results of the experimental characterization obtained from calorimetry in magnetic
field for two different samples. We show here, as representative examples, the two limit cases:
Mn= 0.46, the most second order, and Mn= 0.06, the most first order of the series. Figs.1
and 2 show in the four panels: the specific heat capacity cp(H, T ) (top left), the entropy
difference with respect to a low temperature reference state s(H, T )− s0 (bottom left), the
magnetic field induced entropy change −∆s(H, T ) = −s(H, T )+s(0, T ) (top right), and the
adiabatic temperature change ∆T (H, T ) derived from the entropy plot of the bottom left
panel by taking the temperature differences at the same entropy level (bottom right). All
graphs show the measurements upon both heating and cooling.
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FIG. 4. Specific heat capacity of hydrogenated La(Fe-Mn-Si)13 with different Mn content. Mea-
surements upon heating and cooling at zero magnetic field.
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FIG. 5. Specific heat capacity of hydrogenated La(Fe-Mn-Si)13 with different Mn content. Mea-
surements upon heating at different magnetic fields.
III. RESULTS
The introduction of Mn is found to decrease the transition temperature from about 350
K (at Mn=0) at a linear rate of 175 K/yMn. The same effect is present in non hydrogenated
compounds where the Mn acts in a very similar way7. Mn substitution is also found to
decrease the hysteresis at a rate of 4.6 K/yMn which means that the transition kind is
transformed from first to second order. Figs. 4 and 5 show the specific heat capacity for
the series. Fig. 4 shows the heating and cooling at zero magnetic field. The effect of the
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FIG. 6. Magnetic phase diagram of hydrogenated La(Fe-Mn-Si)13 with different Mn content.
Symbols are the transition temperatures upon heating Th and cooling Tc versus magnetic field in
the (H,T ) diagram. Full lines are the linear fit of measured points. Heating and cooling lines
intercept at the critical point (Hcrit, Tcrit). Dashed line is the guide for the eye of the evolution of
the critical point in the (H,T ) diagram with changing Mn. The dashed line crosses H = 0 around
Mn=0.46 indicating a second order transition.
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FIG. 7. Isothermal entropy change −∆siso for cyclic processes of hydrogenated La(Fe-Mn-Si)13
with different Mn content.
Mn is seen in the decrease of the height of the peak of the specific heat capacity and in
the disappearance of difference between heating and cooling curves. Fig. 5 shows only the
heating for different magnetic fields. While at low Mn the action of the magnetic field is
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FIG. 8. Adiabatic temperature change ∆Tad for cyclic processes of hydrogenated La(Fe-Mn-Si)13
with different Mn content.
Mn Th ∆siso ∆Tad ∆siso∆Tad
(K) (Jkg−1K−1) (K) (Jkg−1)
0.46 269.7 10.2 3.8 38.8
0.37 285.4 12.7 4.4 55.9
0.30 296.6 13.4 4.4 59.0
0.25 303.9 16.1 4.4 70.8
0.22 313.7 16.0 4.4 70.4
0.18 320.6 16.4 4.2 68.9
0.14 327.5 17.7 3.8 67.3
0.06 339.0 18.7 3.4 63.6
TABLE II. Magnetocaloric properties of hydrogenated La(Fe-Mn-Si)13 with different Mn content
at the magnetic field of 1.5 T.
mainly to shift the peak cp to the right, at high Mn it also reduces the amplitude, suggesting
that the transition is close to a second order critical point.
Information on how close the system is to the critical point can be gained by looking at
the transition temperatures as a function of the magnetic field. Fig. 6 shows the magnetic
phase diagram built by taking the transition temperatures upon heating and cooling. Fig.
10
6 also shows the lines corresponding to the linear fit of the heating and cooling points. The
region enclosed between the two lines represents the metastability region in which both ferro-
magnetic and paramagnetic phase coexist. The critical point is at the intersection of the two
lines. Fig. 6 shows how the critical magnetic field and temperature (Hcrit, Tcrit) are reduced
as Mn content is increased until the transition is purely second order around the composition
Mn = 0.46. These observations show that Mn plays a dual role: decreasing the strength
of the FM coupling and decreasing the magnetoelastic coupling. The identification of the
exact position of the critical points in the phase diagram deserves a detailed experimental
investigation by special methods14,15 which will be the subject of future investigations.
The careful characterization of hysteresis is particularly relevant for applications utilizing
the magnetocaloric effect in a cyclic fashion. For a refrigerator, the cycle consists of four
individual steps: i) increasing the temperature of the active material above the temperature
of the hot bath, ii) releasing heat to the hot bath, iii) decreasing the temperature of the
active material to a temperature below the cold bath, iv) extracting heat from the cold
bath. For materials exhibiting hysteresis, the magnitude of the magnetocaloric response
in each of these four steps depends on the thermal and magnetic history of the material
which is generated by the four steps16–18. Here we use our extensive dataset to evaluate
the behavior of La(Fe-Mn-Si)-H alloys in cyclic applications. Fig. 3 shows a sketch of
entropy versus temperature during heating and cooling in zero magnetic field (black lines)
and some applied magnetic field (red lines) for a material exhibiting thermal hysteresis.
The magnetic state of such a material can be changed either by temperature or by magnetic
field. The paramagnetic state is favored by either decreasing magnetic field or by increasing
temperature, while, conversely, the ferromagnetic state is stabilized by either increasing
magnetic field or by decreasing temperature. Therefore, when ferromagnetism is induced by
applying a magnetic field H, the thermal analogue corresponds to a cooling process, while
when paramagnetism is induced by removing a magnetic field, the thermal analogue is a
heating process. Even if, in principle, the calculation ∆siso and ∆Tad in cyclic operations
should result from the details of the hysteresis branches of partial transformations in the
s− T diagram16,19, in the case of La(Fe-Mn-Si)13-H, the situation is much simplified by the
fact that the magnetic field change is always large enough to overcome the hysteresis, so
that the hysteresis loop can be used as the end-point (see Fig.3). The condition for this
limit to be valid is dT/dH ×H > Thyst and is satisfied for all the compounds of the series
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also at the lower magnetic field value used (0.5 T). It follows that for the calculation of ∆siso
and ∆Tad due to cyclic operations, the heating curve in zero magnetic field and the cooling
curve in magnetic field has to be used. Hence, a cyclic operation in the hysteretic region
leads to reduced ∆siso and ∆Tad compared to a scenario in which the previous thermal and
magnetic history is deleted, as for example by a previous reset to the PM state17,19. This
reduction can be appreciated by looking at sample Mn=0.06 and comparing the irreversible
entropy change and temperature change obtained in Fig. 2 using heating and cooling curves
separately and the reversible result of Figs. 7 and 8.
Figs. 7 and 8 show the available isothermal entropy change and adiabatic temperature
change for all samples considering cyclic processes with hysteresis. Table II shows the values
at the peak of ∆siso and ∆Tad for a field change of 1.5 T and their product ∆siso∆Tad20,21. In
particular, the peak of the ∆siso increases, while Mn is reduced, as expected for a transition
which is more of the first order type. However at the same time, at Mn less then 0.25,
the peak of ∆Tad becomes smaller because the hysteresis of the transition directly affects
the maximum of ∆Tad. When looking at the product ∆siso∆Tad the best compromise is
obtained for intermediate compositions in which the transition is sufficiently steep and first
order, but the hysteresis is still small enough. In the series analyzed it is observed that the
two effects do not compensate and showing that the best compromise is the one where Mn
= 0.25 at which the product ∆siso∆Tad = 70.8 J kg−1 is maximum (see Table II). Another
prerequisite for building efficient solid-state heat pumps is the ability to utilize regenerative
cycles such as the active magnetic regeneration (AMR) cycle1. In such a cycle the transition
temperature of each material has to be adjusted with regard to the neighboring materials in
order to achieve the temperature spans required by the application. Here we show a series of
hydrogenated La(Fe-Mn-Si)13 alloys covering a temperature range from 250 to 350 K with
carefully adjusted transition temperatures demonstrating the potential of this material class
to be employed in prototypes.
IV. CONCLUSIONS
In this paper we have investigated the magnetocaloric properties of hydrogenated La(Fe-
Mn-Si)13 by calorimetry in magnetic field. In the set of samples with Mn increasing from
0.06 to 0.46 the transition temperature can be finely tuned from 339 K to 270 K. At the same
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time the magnetic phase transition passes from first order to second order and temperature
hysteresis is reduced from 1.5 K to zero. The calorimetric characterization provides the
entropy as a function of temperature and magnetic field s(H, T ) on both heating and cooling
processes from which the isothermal entropy change ∆siso and the adiabatic temperature
change ∆Tad in cyclic (Carnot) process can be derived. By these results we disclose the role
played by temperature hysteresis on the magnetocaloric properties. In particular we find
that large values of the product ∆siso∆Tad are reached by a compromise between sufficiently
first order character of the transition with high ∆siso and low hysteresis ∆Thyst.
Both parameters are determined by the fact that the substitution of Fe by Mn both
lowers the transition temperature Tt and shift the transition type toward second order.
From our investigation it appears that the optimal cases are those in which the transition
is still of the first order type. The role played by Mn is then twofold: to decrease the
exchange interaction and to decrease the magnetoelastic coupling giving rise to the first
order transition. Both aspects merits further theoretical investigation to understand the
origin of the physical mechanism.
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